Hybrids consisting of a microporous film and polymeric microspheres were fabricated via a simple method without a special apparatus. Highly ordered microporous polymer films with honeycomb structure were fabricated by a dissipative process utilizing amphiphilic poly(acrylic acid)-block-polystyrene, which was synthesized by atom transfer radical polymerization followed by an acid-catalyzed ester cleavage reaction. In order to embed the microsphere efficiently, the dried microporous films should be soaked in methanol to alter the surface functionality and to improve the wettability of the film surface. The introduction of amino functionality to polystyrene microspheres by seeded polymerization of N,N-dimethylaminoethyl methacrylate drastically improved the embedding efficiency. The effect of open pore size was also investigated.
Introduction
Highly ordered microporous polymer films with honeycomb structure have been fabricated by a simple nontemplate method utilizing various types of block copolymers [1] - [8] . Although rod-coil type poly(p-phenylene)-b-polystyreneor star-shaped polystyrene has been used in a pioneer study [1] , other types of block copolymers have been also utilized including T-shape copolymer [5] and amphiphilic block copolymers [7] [8] . It is recognized that the mechanism for the formation of honeycomb structure can be explained by dissipative processes, where controlled condensation and growth of water droplets on the cold surfaces resulting from solvent evaporation of polymer solutions may be used to create a patterned surface. Despite non-block copolymers such as end-functionalized polymer [9] , and amphiphilic random copolymers [10] [11] , the utilization of block copolymer gives rise to another advantage because of self-assembly nature of block copolymers. Hayakawa et al. reported that using a specially designed block copolymer, resulting porous films had highly ordered hierarchical structures over multiple length scales from angstroms to micrometers [6] . Furthermore, the surface aggregation of selective component is expected [5] .
Various applications of honeycomb films have been considered such as separation membranes [12] , superhydrophobic materials [13] , photonic or optoelectronic devices [14] , cell-culturing substrates [15] [16] , and micropatterning templates [10] [17] [18] . In our previous study, micropores were utilized as microreactors. Poly(aniline) dots were successfully fabricated via electropolymerization of aniline using a microporous film on indium tin oxide electrode as a template [7] . Yabu et al. prepared honeycomb-nanoparticles hybrid in order to obtain multiple-periodic structures [19] . A specially developed sliding apparatus was used for embedding the submicron polystyrene particles.
In this paper, a microporous film and polymeric microspheres hybrids were fabricated via a simple method without a special apparatus. Poly(acrylic acid)-block-polystyrene was used to fabricate a microporous film.
Experimental

Synthesis of Poly(acrylic acid)-Block-Polystyrene
Block copolymers are synthesized via atom-transfer-radical polymerization as a previously reported method [7] . Preparation of macroinitiator was carried out as follows. A 100-mL three necked flask equipped with a stirrer bar, a nitrogen inlet, and a rubber septum was charged with CuBr (0.74 g, 5.2 mmol), CuBr 2 (0.058 g, 0.26 mmol) under nitrogen. After the evacuation followed with backfilling of nitrogen, distilled t-butyl acrylate (t-BA, 40 g, 0.31 mol) was added via gas-tight syringe followed by N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA, 2.17 mL, 10.4 mmol) and acetone (5 mL). After two freeze-pump-thaw cycles, t-butyl 2-bromopropionate (1.72 mL, 10.4 mmol) was added and the mixture was allowed to stir at room temperature for 10 min. The flask was then placed in a 60˚C oil bath and the polymerization proceeded for 1 h under nitrogen atmosphere. THF solution of the reaction mixture was filtered with an Al 2 O 3 /SiO 2 plug in order to remove the catalysts. After the concentration of solution, the polymer was precipitated into 50 vol% of methanol/H 2 O mixture. The degree of polymerization was determined by the end group analysis based on 1 H-NMR spectroscopy. Molecular weight and its distribution were estimated with GPC calibrated with polystyrene standards. Yield; 43%, DP = 5 (from NMR), Mn = 2.0 × 10 3 , Mw/Mn = 1.3. A 50-mL three necked flask equipped with a stirrer bar, a nitrogen inlet, and a rubber septum was charged with poly(t-BA) (0.801 g, 0.380 mmol), CuBr (54 mg, 0.380 mmol) under nitrogen. After degas process as mentioned above, styrene (St) (19.75 g, 0.19 mol) (500 equivalent to the macroinitiator) and PMDETA (0.33 g, 0.380 mmol) was added. Polymerization was carried out at 90˚C for 24 h. Similar procedures were utilized for purification. Yield: 42%, DP = 285 (for styrene), Mn = 3.1 × 10 4 , Mw/Mn = 1.7. A 50-mL three necked flask equipped with a stirrer bar, a nitrogen inlet, and a condenser was charged with 3.0 g of poly(t-BA)-block-poly(St), p-toluene sulfonic acid monohydrate (0.33 g, 1.72 mmol), and 3.0 mL of dioxane under nitrogen atmosphere. The reaction mixture was refluxed for 10 h to eliminate t-butyl group. After cooling the solution was poured into excess amount of water to precipitate the product (2.8 g).
Synthesis of Microspheres (PSt and PSt-DM)
Uniform sized polystyrene microsphere (PSt) with a diameter of 1.7 μm was synthesized via dispersion polymerization in aqueous ethanol as previously reported [20] . Seed polymerization of N,N-dimethylaminoethyl methacrylate (DM) was conducted in the presence of ethylene glycol dimethacrylate (EDMA). PSt (1.0 g) dispersed into 15 mL of water was placed into 100-mL three necked flask equipped with a mechanical stirrer, and a nitrogen inlet was charged. With gentle stirring, DM (0.970 g, 6.37 mmol), EDMA (30.2 mg, 0.152 mmol), 2,2'-azobis(2-amidinopropane) dihydrochloride (60.3 mg, 0.222 mmol) were charged. Polymerization was carried out at 60˚C for 12 h.
Fabrication of Microporous Films
Carbon disulfide solution (0.1 -0.5 wt%, 50 μl) was drop-cast on a cleaned glass slide over an area of ca. 1.1 cm 2 (circle with a diameter of 1.2 cm) in a custom designed flow-hood (640 cm 3 ) [7] . The humidity was kept at 75% at 25˚C by bubbling the air through a reservoir containing saturated NaCl solution. The flow-rates were controlled to be 5 -10 L/min using a flow meter.
Fabrication of Microporous Film and Microsphere Hybrid
Microspheres (PSt or PS-DM) (1.0 g) were dispersed in 15 mL of distilled water. Microporous film on a glass slide was immersed in the slurry for 30 min with gentle stirring. After washing with water, the hybrid film was dried in vacuo.
Characterization
Resulting polymers were characterized with 1 H-NMR (ECX 300, JEOL, Japan), IR (FT/IR-4100, JASCO, Japan), and GPC [20] . The surface features of microporous films, microspheres, and hybrid films were characterized by scanning electron microscope (SEM) (JSM-6510, JEOL, Japan).
Results and Discussion
Preparation of Microsphere
Successful preparation of PSt-DM was confirmed by solubility change and IR spectroscopy. PSt-DM showed partial solubility in chloroform due to the presence of PDM (insoluble in chloroform) and crosslinking with EDMA. Figure 1 shows IR spectra of PSt and PSt-DM. PSt-DM shows a stronger absorption at 1730 cm −1 assigned to C=O stretching. Figure 2 shows SEM images of PSt (a) and PSt-DM (b). Even after seed polymerization, uniformity was kept, and both types of particle were found to have almost the same size (1.7 μm).
Fabrication of Microporous Films
As described in a previous report [7] , the resulting pore size was strongly dependent on the characteristics of the polymers and fabrication conditions. In this study, poly(acrylic acid)-block-poly(St) with high molecular weight was utilized in order to obtain robust microporous films. In Figure 3 , the pore size is plotted against the flow rate for the different concentration of the block copolymer. With the increase of the flow rate, the resulting pore size increased. Lower initial polymer concentration afforded the larger pore size. In the initial stage of solvent evaporation, it is reported that the number of nuclei formed increases with the increase of polymer concentration and the amount of condensed water is almost the same each other, leading to the smaller pores [7] . Compared with a low molecular polymer (in [7] ) (M n = 1.3 × 10 4 from GPC, DPs of acrylic acid and styrene were 10, and 73, respectively), however, higher molecular weight polymer exhibited much smaller concentration and flow rate dependencies. This is probably due to the formation of "harder shell" on the surface of the high molecular weight polymer solution in the evaporation of solvent. It is reasonable that the shell retard the solvent evaporation resulting in the impediment of increase the amount of condensed water.
Fabrication of Hybrid Films
After drying a microporous film in vacuo for 24 h, the film was immersed in the slurry of microspheres for 30 min. In this process, however, almost no particles were embedded although the open diameter of pores (ca. 3 μm) was larger than the diameter of microsphere as shown in Figure 4 . Although the electrostatic interaction between carboxyl group in the film and dimethylamino group in PSt-DM is expected, no significant difference was observed between two types of microspheres.
During the formation of pores, it is considered that water droplets were stabilized by the carboxyl groups. Collapse and coalescence of droplets were prevented by this stabilization. On other words, it is speculated that pore walls are covered with carboxyl groups just after the evaporation of water. However, it is considered that carboxyl groups go inside the film when it is exposed to air in order to lower the surface tension. As Kajiyama reported, the mobility of film surface is much higher than that of bulk [21] , which makes it possible to alter the surface properties.
In order to put back the carboxyl groups to the surface, microporous films were soaked in methanol. Once the surface is rich in hydrophilic carboxyl groups, it is expected that wettability is improved, and electrostatic interaction is enhanced. Figure 5 shows SEM images of hybrids. It is revealed that microspheres were embedded in pores after immersion in methanol. In the case of PSt-DM, much more microspheres were fixed compared with PSt. These observations were attributed to improved wettability of film, and enhanced electrostatic interactions. As shown in this Figure, multi-number of microspheres were sometimes embedded in a single pore. In Figure 6 , relationships between the ratio of pores with microsphere(s) and soaking time in methanol. After 10 min soaking, the number of embedded PSt-DM microsphere increased remarkably. As for PSt, the increase of the number of fixed microsphere was not observed even after 60 min soaking.
As mentioned in Section 3.2, the open pore size of microporous film can be controlled. Finally we investigated the relationship between the ratio of pores containing microsphere(s) and the open pore size. As the pore size increases, the ratio of pore containing microsphere increased as shown in Figure 7 . Below 2.4 μm of the pore diameter, the ratio of the pores with a single microsphere is higher compared with the pore with multinumber of microspheres. When the diameter was 2.4 or 2.7 μm, almost all pores where the microspheres were embedded contained multi-number of microspheres. 
Conclusion
Honeycomb films were successfully fabricated from the amphiphilic block copolymer, poly(acrylic acid)-blockpolystyrene) prepared via atom transfer radical polymerization followed by the acid catalyzed elimination reaction. After drying, the surface of the film was hydrophobic since carboxyl groups went inside the film in order to minimize the surface energy, and hybridization did not occur by immersing the film into slurry of polymer particles. By soaking the film in methanol, the wettability increased, and hybrid films were successfully obtained, where microspheres were embedded in the pore. The embedding efficiency of microspheres modified with amino groups was much higher than that of conventional polystyrene microspheres. Electrostatic interaction plays an important role for the hybridization. With the increase of open pore size, multi-numbers of microspheres were embedded in a single pore. It is noteworthy that our process utilizes no special apparatus for the fabrication of hybrids. It is expected that periodic arrangements of aggregates of microspheres can be fabricated using various combinations of pore size of microporous films and diameter of microspheres. 
